INTRODUCTION
Chili-pepper (Capsicum annuum L.) is a very important vegetable crop for Indonesian with average consumption per capita reaching 2.92 kg year -1 (Farid & Subekti, 2012) and its production area is the largest among other Indonesian vegetable productions (Ditjen Horti, 2015) . However, Indonesian chili-pepper productivity was only 6.83 t ha -1 , it was much lower than Chinese productivity which has reached more than 22 t ha -1 (FAO, 2014) . This low productivity was presumably due to lack of high-quality seeds available in the market and poor farmers'access to high yielding pepper varieties. Since domestic Indonesian chili-pepper varieties are not widely available, it is generally understood why most farmers replant chili-pepper seeds produced from previous growing seasons.
High yielding chili-pepper varieties are very important in increasing crop productivity to meet consumer demands. Ganefianti, Hidayat, & Syukur (2015) have conducted series of chili pepper breeding programs and used seven potentially high yielding (> 10 t ha -1 ) chili-pepper pure lines designed for both production and disease-resistant purposes. The performances of those seven pure lines were evaluated through a complete diallel cross to produce the best parental population which was, later, used in developing the hybrid varieties. In addition, diallel cross also provides both heterosis and heterobeltiosis values which are very important to improve chili pepper productivity. Knowledge on combining ability of the lines is essential in a plant breeding program in order to understand the inheritance of the characteristics, including in chili- Copyright © 2018 Universitas Brawijaya peppers. Excellent chili-pepper hybrids are generally produced from the results of parental cross that have high general combining ability (GCA), specific combining ability (SCA) and heterosis estimates.
Several studies on combining ability and heterosis on chili pepper breeding program have been previously conducted and mainly focussed on characteristics of yield components, yield, disease resistance and yield quality (Daryanto, Sujiprihati, & Syukur, 2010; Herison, Handayaningsih, Fahrurrozi, & Rustikawati, 2014; Sharma, Punetha, & Sharma, 2013; Sitaresmi, Sujiprihati, & Syukur, 2010; Yunianti, Sastrosumarjo, Sujiprihati, Surahman, & Hidayat, 2011) . However, information concerning combining ability and heterosis estimates of chili pepper grown in Ultisol have not been widely reported. In Indonesia, Ultisol covered 21 % of Indonesian agricultural lands and accounted almost 40,000,000 ha (Barchia, 2009 ). This area is very prospective for chili pepper production in Indonesia since Indonesian chili-pepper production generally takes place in highland areas in which dominated by Andosol. It is, therefore, very urgent to find substituted areas at Ultisol to compensate the declining highland production. However, ultisol land was characterized by high acidity, high solubility of Al, Mn and Fe and low nutrient availability, especially P and Mo that might suppress growth and development of chili pepper (Barchia, 2009) . High Al and Fe solubility absorb phosphate which brings about low availability of P to plants. Such limitations could be overcome by developing new chili pepper hybrids that grow well and have high productivity. Therefore, this experiment aimed to determine General Combining Ability (GCA) and Specific Combining Ability (SCA), heterosis and heterobeltiosis estimates of chili pepper genotypes grown in Ultisol.
MATERIALS AND METHODS
The experiment was conducted from July to November 2012 in farmer's land of Karang Suci, Arga Makmur, North Bengkulu. There were 49 plant materials consisting of seven chili pepper genotypes, namely, (A) curly chili pepper (cabai keriting) KG1, (B) curly chili pepper KG2, (C) curly chili pepper KG3, (D) hot chili pepper (cabai rawit) KG4, (E) curly chili pepper KG5, (F) hot chili pepper KG6 and (G) chili pepper KG7, and 42 combinations of full diallel chili pepper crosses. The experiment was designed in a randomized complete block design with three replications. Each genotype was planted in a single row of 12 plants on 1 m x 7 m beds. Experimental plot was fertilized with NPK (150 kg ha -1 ) and each plant received 20 t ha -1 goat manure. At 4, 8 and 12 weeks after transplanting, each was refertilized with NPK (50 kg ha -1 ). Six sample plants from each genotype were randomly selected. Observation variables were addressed to fruit length (cm), fruit diameter (cm), the number of fruit per plant and fruit weight per plant (gram). Observed fruits were those harvested from the first to the eighth harvest.
Analysis of variance for each crop variable among genotypes was analysed using F test at 95 % level of confidence. Each significant variable was, later, estimated its CGA, SGA, heterosis, and heterobeltiosis. Both GCA and SCA were estimated using Model 1 (Parents, F1 and reciprocals) by Griffing (1956) . Meanwhile, the determination of heterosis, and heterobeltiosis following the study by Arif, Sujiprihati, & Syukur (2012) .
RESULTS AND DISCUSSIONS

Combining Ability
Contributions of general combining ability (GCA) and specific combining ability (SCA) to genotype variation were highly significant at 5 % level for fruit length, fruit diameter, the number of fruit and fruit weight per plant. Except for the fruit diameter, SCA contributions were not significant (Table 1) . It is in line with results reported by Sitaresmi, Sujiprihati, & Syukur (2010) , the result indicated that CGA estimates of fruit weight and the number of fruit of chili pepper per plant were significant, but not for SCA. Riyanto, Farid, & Utari (2010) reported that GCA siginificantly contributed to the variations of fruit length, the number of fruit, fruits weight per plant, but not fruit diameter of chili pepper. In addition, SCA significantly affected fruit length, fruit diameter, the number of fruit and fruit weight of chili pepper per plant. Such phenomenon indicated that there were additive and dominance gene actions that play important roles on fruit length, fruit diameter, the number of fruit and fruit weight of chili pepper per plant. According to Riyanto, Farid, & Utari (2010) and Sitaresmi, Sujiprihati, & Syukur (2010) , characteristics having significant GCA estimates were controlled by additive gene actions, while characteristics having significant SCA were controlled by dominance gene actions. Bhutia, Seth, Shende, Dutta, & Chattopadhyay (2015) revealed that fresh yields, most of yield components, Copyright © Reciprocal effects significantly influence the fruit length of chili pepper, but not fruit diameter, the number of fruit, and fruit weight per plant (Table 1) . It indicated that there was extra chromosomal genes' effect on fruit length of chili peppers, but not on fruit diameter, the number of fruit, and fruit weight per plant. Therefore, fruit length traits are very important to be considered as female parental lines. Research conducted by Riyanto, Farid, & Utari (2010) found significant reciprocal estimates on disease intensity and fruit weight of chili peppers per plant. The estimates of dominance variances on the number of fruit and fruit weight per plant were higher than their additive variances. It implied that there was a probability to produce a high yielding hybrid.
Results also indicated that genotype C had high GCA estimates on fruit length and fruit length per plant, while genotype B had high GCA estimates on fruit diameter (Table 2 ). In addition, genotypes F, E and A had high GCA estimates on the number of fruit per plant. These results indicated that each genotype had high GCA estimates on particular traits, and there was no single genotype had high GCA estimates in all observed characteristics. Correspondingly, Khalil & Hatem (2014) and Payakhapaab, Boonyakiat, & Nikornpun (2012) reported the same results. According to Iriany, Sujiprihati, Syukur, Koswara, & Yunus (2011) , genotypes with high GCA on yield traits will likely produce high yielding hybrids. Riyanto, Farid, & Utari (2010) suggested that high GCA estimates on fruit length, fruit diameter, the number of fruit and fruit weight of G9854, Randu and G3257 genotypes might be employed as parental lines in improving these characteristics. In addition, Perez-Grajales, Gonzalez-Hernandez, Pena-Lomeli, & Sahagun-Castellanos (2009) also found that Landrase 'Puebla' served as the best parents due to its high GCA estimates on yield characteristics and yield components of chili pepper. It is also suggested that genotype C could be used to generate openpollinated varieties since this genotype has the highest GCA estimates in fruit weight per plant. Similarly, Sitaresmi, Sujiprihati, & Syukur (2010) concluded that IPB C-19 genotype could be developed to become open-pollinated varieties due to its highest GCA estimates in characteristics of fruit weight per plant. Table 1 . Means squares from the diallel analysis of general combining analysis (GCA), specific combining analysis (SCA) and reciprocal effects on fruit length, fruit diameter, the number of fruit, and fruit weight per plant from seven chili pepper genotypes and their hybrids. ns, ** = not significant, and significant at P < 0.05, respectively Chaudhary, Kumar, & Solankey, 2013; Hasanuzzaman, Hakim, Fersdous, Islam, & Rahman, 2012; Khalil & Hatem, 2014; Payakhapaab, Boonyakiat, & Nikornpun, 2012; Riyanto, Farid, & Utari, 2010 . Meanwhile, Perez-Grajales, GonzalezHernandez, Pena-Lomeli, & Sahagun-Castellanos (2009) reported high SCA estimates for the number of fruit and fruit weight per plant. High and positive SCA estimates indicated that parent of C had high hybrid combinations with one of other employed parents. Since parent of C had high GCA estimates for fruit length and fruit weight per plant (Table 2) , it is not surprising that cross combination of CxF had high SCA for fruit weight and the number of fruit per plant, and the combination of CxG had high SCA on fruit length (Table 3) . So did with parents of F which had high GCA estimate for the number of fruit per plant, the cross combination of CxF had high SCA estimate for the number of fruit per plant. Cross combinations with high SCA are usually generated from the cross of parental lines with high GCA x high GCA, high GCA x low GCA, or at least one of its parents has high GCA (Aliu, Fetahu, & Salillari, 2008) . Cross combination lines with high SCA could be considered to be developed as hybrid varieties. keriting' (A, C or E) or 'cabai besar' (B or G). According to Syukur, Sujiprihati, & Yunianti (2012) , heterosis illustrates the superior performance of heterozygous hybrid plants over their homozygous parental inbred lines. This phenomenon takes place as a results of accumulation of dominance genes, over-dominance and non-allelic interaction (Syukur, Sujiprihati, & Yunianti, 2012) . Research conducted by Daryanto, Sujiprihati, & Syukur (2010) also found high heterosis and heterobeltiosis estimates for fruit length of chili pepper.
Source of variations df
Means
Fruit Diameter
Mean estimates for fruit diameter on parents of both P1 and P2 ranged between 5.51-10.72 mm, means estimates of F1 ranged from 5.66-9.77 mm, heterosis and heterobeltiosis estimates ranged from -14.768 % to 14.617 % dan -33.87 % to 12.23 %, respectively (Table 5 ). There were five cross combinations among 42 cross combinations had high heterosis and heterobeltiosis estimates, i.e. AxF (7.27 % and 3.12 %), DxG (14.62 % and 12.23 %), FxC (13.66 % and 6.85 %), FxE (7.29 % and 1.54 %) and GxD (6.56 % and 438 %). In addition, there were ten cross combinations had high heterosis estimates, i.e. CxA (1.23 %), CxE (4.87 %), CxF (3.93 %), DxA (5.57 %), DxF (7.33 %), ExC (0.28 %), ExF (5.31 %), GxB (1.56 %), GxC (1.98 %), GxF (5.03 %) and GxF (5.03 %), but did not have heterobeltiosis. Table 5 also indicated that there were only five out of 42 cross combinations experienced heterobeltiosis (10.20 %) with the highest heterobeltiosis estimates of 12.23 %. Since fruit diameter was affected by additive variance, not dominance variance (Table 1) , and low heterobeltiosis estimates (Table 5) , it implied that crossing between parents with different fruit diameter will produce hybrid lines with fruit diameter in between both of its parents. Research conducted by Payakhapaab, Boonyakiat, & Nikornpun (2012) revealed that heterobeltiosis estimates for fruit diameter took place on eight out of 18 cross combinations, 8.67 % on a cross combination of CA 1449xCA 683. Khalil & Hatem (2014) found that on fruit diameter variable, there was only one out of 15 cross combinations had heterobeltiosis with the magnitude 5.8 %
The Number of Fruit per Plant
Mean estimates for the number of fruit per plant on parents of both P1 and P2 ranged from 35.18 to 121.41, while on F1 ranged from 61.26 to 177.22. The heterosis estimates for the number of fruit per plant ranged from -16.26 % to 163.74 %, and heterobeltiosis estimates ranged from -41.61 % to 143.91 % (Table 6 ). There were 31 out of 42 cross combinations had high both heterosis and heterobeltiosis estimates. In addition, there were three cross combinations had heterosis and heterobeltiosis estimates above 70 %, i.e. cross combinations of DxB (163.74 % and 143.91 %), DxE (137.30 % and 84.27 %) and GxE (89.26 % and 76.42 %) . Research conducted by Sitaresmi, Sujiprihati, & Syukur (2010) reported that the highest heterosis and heterobeltiosis estimates for the number of fruit per plant occurred on cross combination of IPBC8xIPBC15, i.e., 68.76 % and 62.93 %, respectively. Khalil & Hatem (2014) found that the highest heterosis and heterobeltiosis estimates for the number of fruit per plant took place on a cross combination of 3x4, i.e., 44.97 % and 10.15 %, respectively. High heterosis heterosis estimates for the number of fruit per plant have been also reported by Kamble, Mulge, & Madalageri (2009) ; Reddy, Kumar, & Salimath (2008) and Riyanto, Farid, & Utari (2010) .
Fruit Weight Per Plant
Mean estimates for fruit weight per plant on parents of both P1 and P2 ranged from 121.13 to 362.66 g, while on F1 ranged from 239.92 to 707.57. The heterosis estimates for fruit weight per plant ranged from 3.503 % to 164.409 % and heterobeltiosis estimate ranged from -9.60 % to 151.24 % (Table 7) . Although all cross combinations experienced heterosis, there were only 36 out of 42 cross combinations went through high heterosis and heterobeltiosis. There were three cross combinations which had both heterosis and heterobeltiosis estimates above 90 %, i.e. DxE (139.15 % dan 96.57 %), GxC (164.41 % dan 151.24 %), and GxE (120.32 % dan 107.29 %). High heterosis and heterobeltiosis estimates reflected that those cross combinations had higher fruit number per plant compared to mean and the highest estimates of their parents. This was related to the fact that all seven parental lines had different genetic materials. According to Iriany, Sujiprihati, Syukur, Koswara, & Yunus (2011) , high heterosis and heterobeltiosis estimates of cross combinations reflected that those cross combinations came from long genetic distance parental. It appeared that high genetic differentiation among parents was one of the determinating factors in heterosis expressions. Copyright © 2018 Universitas Brawijaya In general, cross combinations of CxF had the highest Specific Combining Ability (SCA) estimates for the number of fruit and fruit weight per plant, meanwhile CxG had high heterosis and heterobeltiosis estimates for fruit length. It is also noticed that high SCA estimates were generally followed by high heterosis and heterobeltiosis estimates. According to Hasanuzzaman, Hakim, Fersdous, Islam, & Rahman (2012) , promising hybrids are produced from parental crosses that have high estimates of GCA, SCA, heterosis and heterobeltiosis. This experiment revealed that cross combinations with high SCA, heterosis and heterobeltiosis estimates were cross combinations of G(KG7)xC(KG3) with fruit weight per plant as much as 707.57 g, G(KG7)xE(KG5) with fruit weight Sharma, Punetha, & Sharma (2013) concluded that F1 from cross of Rani Sel-1xSSP, Rani Sel1xSel-12-2-1, SSPxSP-316 and PRC-1xCalifornia
Wonder had heterosis estimates for fruit weight per plant and quality of bell pepper was higher than those produced by their parents and comparing varieties. 
